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We make use of VLBI observations of the radio jet in the quasar S5 0836+710 at different fre- 
quencies and epochs to study its properties. The jet shows helical structure at all frequencies. 
The ridge-line of the emission in the jet coincides at all frequencies and epochs, within the errors. 
We conclude that the helicity is a real, physical structure. Small differences between epochs re- 
veal wave-like motion of the ridge-line transversal to the jet propagation axis. These transversal 
motions are measured to be superluminal. This unphysical result could correspond to a possible 
small amplitude oscillation of the ridge-line at the radio-core and to large errors in the determi- 
nation of the positions. In addition, higher resolution images at 15 GHz show that the ridge-line 
does not coincide exactly with the centre of the radio jet. At arc-second scales, this powerful 
jet shows non-collimated, irregular structure and a lack of a hot-spot. Following this collection 
of evidence, we conclude that the ridge-line could be related to a pressure maximum within the 
jet cross-section, associated with the observed helical pattern that could lead to jet disruption at 
longer scales. 
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1. Introduction 

Jets in active galactic nuclei (AGN) are observed mainly in the radio band, using the very 
long baseline interferometry (VLBI) technique. The nature and properties of the emitting region 
as related to the flow are still scarcely known. It is expected that the flow is subject to the growth 
of different instabilities and that many of the structures observed (knots, bendings, helices) are 
caused by this physical process [|l]-[3]]. We present here the conclusions derived from observations 
of the jet in S5 0836+710 at different frequencies and epochs showing that the ridge line of this jet 
behaves as expected if it is interpreted as a pressure wave [ffl,|5[|. 

The luminous quasar S5 0836+710 at a redshift z = 2.16 hosts a powerful radio jet extending 
up to kiloparsec scales [^J. At this redshift, lmas ~ 8.4 pc (see, e.g., MOJAVE database). VLBI 
monitoring of the source showed kink structures [0] and yielded estimates of the bulk Lorentz 
factor y } = 12 and the viewing angle a, = 3° of the flow at milliarcsecond scales [|[|. The jet 
was observed at 1.6 and 5 GHz with VSOP (VLBI Space Observatory Program, a Japanese-led 
space VLBI mission), and oscillations of the ridge-line were also shown [|| [E|]. It has been shown 
that the presence of a shear layer allows fitting all the observed oscillation wavelengths within 
a single set of parameters, assuming that they are produced by KH instability growing along a 
cylindrical outflow [O]. A relation between amplitude growth of the helical structure, and a lack 
of a collimated jet structure and hot-spot where the jet interacts with the ambient medium was also 
verified [J§ §]. 



2. Observations and analysis 

Different observations at various frequencies and epochs were used for this work (see Table 1 



in m]): VLBA and VSOP at 1.6 and 5 GHz [10] at three and two different epochs, respectively, 



two epochs at 1.6 GHz from EVN (European VLBI Network, the EVN is a joint facility of Euro- 
pean, Chinese, South African and other radio astronomy institutes funded by their national research 
councils), one including MERLIN [§], one epoch of simultaneous global VLBI (including VLBA) 
observations at 2 and 8 GHz (01/1997) [|12|], two epochs from VLBA at 8 GHz, three epochs from 
VLBA at 22 and 43 GHz, and 13 epochs, between 1998 and 2009, from the 2 cm VLBA/MOJAVE 
database at 15 GHz. 

The ridge-lines were calculated by determining the centre of the jet emission (fitted by a Gaus- 
sian) at a given radial distance from the core. This was done radially outwards to obtain a complete 
picture of the ridge-line of the jet. We tested possible deviations in the computed ridge-line by 
obtaining the ridge-line using two other approaches: from the location of the emission maximum 
and from the geometrical centre of the emission profile in a transversal slice above a certain image 
rms cutoff level. These two different approaches are very similar to the former at low frequencies, 
where the jet is not resolved. However, at higher frequencies, the emission maximum does not 
necessarily coincide with the geometrical centre of the profile or the centre of the Gaussian (see 
Fig.g). 



3. Discussion 

The list of evidence collected from the ridge-line analysis [Q, ||] can be summarized as follows: 
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Figure 1: Radio maps at the 8 (black contours), 15 (blue contours), 22 (green contours) and 43 GHz (red 
contours) of the jet in 0836+710 in 1998. The position of the ridge-lines coincide within errors. 
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Figure 2: Profiles and Gaussian fits for 1.6 (2003), and 15 GHz (2006). In the left panel (1.6 GHz), the cut 
is done 7.50 mas from the core along the axis (PA=— 153.4°), the peak intensity is 482.5 mJy/bm, the peak 
relative position is 0.591 mas, and the FWHM of the Gaussian is 6.630 mas. In the right panel (15 GHz), 
the cut is done 8.20 mas from the core along the axis (PA=— 153.4°), the peak intensity is 2.6 mJy/bm, the 
primary peak relative position is 1.859 mas, and the FWHM of the Gaussian is 1.31 mas. The two plots 
show the separation between the maximum of emission and the geometrical centre of the emitting region 
when the resolution is increased. 
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Figure 3: Left panel: Transversal velocities versus the observed (projected) axial position, obtained from 
the transversal displacements measured at a fixed distance to the core, from 15 GHz VLB A data between two 
epochs in 2008 and 2009. Central panel: Same as left panel, for a simulated helical structure with relativistic 
speed (0.96c), at 3° viewing angle and core position alignment. The two simulated epochs are separated by 
2.11 years in the observer's reference frame. Right panel: Same as the central panel, without core position 
alignment. For details, see [Eh. 

1) The position of the ridge-line of the radio jet coincides at different frequencies. Different helical 
wavelengths show up at different frequencies (Fig. fy. 2) High resolution images confirm that 
this position does not necessarily coincide with the centre of emission of the radio jet (Fig. 

3) The position angle of the radio jet changes with the frequency, as expected for a helical jet. 

4) High resolution images also allow measurement of transversal displacements within the first 
mas, unaffected by relativistic effects, and show a clear wave-like oscillation pattern with distance. 
However, the obtained velocities are superluminal (left panel of Fig. [3]). 5) The opening angle 
measured for the jet at different frequencies is very similar and shows no correlation with frequency 
(the mean value is 12.1° ±0.8, which at a 3° viewing angle implies an intrinsic opening angle of 
0.63° ± 0.04). 6) The amplitude of the oscillation grows along the jet propagation direction, as 
observed in the 1.6 GHz images. 7) At arc-second scales, the jet does not show any site of strong 
interaction with the ambient medium. This is interpreted as loss of collimation between hundreds 
of mas and arc-second scales. 

As a result of the evidence, we conclude that the ridge-line corresponds to the pressure max- 
imum, responsible for the helical structure of the radio jet. Moreover, the amplitude of the helix 
grows with distance and is possibly responsible for the loss of collimation. 

A long-standing debate about jet physics was related to the nature of the radio jet: Is it flow that 
we are seeing or wave patterns? And, does the flow in the helical jets propagate non-ballistically? 
Our results show evidence for the radio jet being more related to a pattern in the flow. Thus, the 
flow could be propagating along the jet axis, and the radio jet would be revealing only a portion 
of the flow. If this is the case, the radio jet at high frequencies could be only a small part of 
the whole cross section, taking into account the changes of the jet position angle with frequency. 
Alternatively, the flow could be following the helical path, and this would not require the radio jet 
to be a small part of the flow cross section. The latter case is favored by the measurement of the 
opening angle, which is the same at all frequencies for which we have significant measurements, 
and the transversal velocities obtained from the observations at 15 GHz. The coincidence in the 
opening angles is less probable in the case of the radio jet corresponding to different regions across 
the jet. Thus, it seems that the radio emission is generated in the same region across the jet at all 
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frequencies and that the jet flow indeed follows a helical path. A transition from ballistic to non- 
ballistic motion is compatible with the development of instabilities, which dissipate kinetic energy 
into internal energy. It has been reported that the development of the helical KH instability can 
force the jet flow into a helical path, however different from the helicity of the pressure maximum, 



the latter showing larger amplitude [|3J|. The larger the Lorentz factor of the flow and the shorter 
the wavelength of the mode, the more different the helicity of the flow as compared to that of 
the pressure maximum. This can be understood in terms of the larger inertia of the jet flow with 



increasing Lorentz factor [JT3J, M]. Within this picture, changes of the projection angle of the radio 
jet with time are expected, with the periodicities depending on the competing triggering frequencies 
of the modes, as revealed by the different observed wavelengths. Nevertheless, the transversal 
oscillation should be confirmed at 1.6 GHz to know whether the whole helix is oscillating, or it is 
only the smaller-scale ridge around the large-scale one. 

The transversal superluminal velocities can be understood in terms of 1) a small-scale dis- 
placement of the core, implying that the ridge-line at the core could also oscillate as it occurs 
downstream of the central engine (see central and right panels of Fig. |J), and 2) the fact that errors 
in measuring the ridge-line position exceed the distance travelled by light (0.012 mas/yr) within 
the epochs that have been compared (1-2 years). It follows from our calculations, shown in Fig. ||, 
that a wrong selection of the reference point can explain the superluminal transversal velocities on 
its own. This possible oscillation of the core position should be studied by phase-referencing exper- 
iments, and could have important implications regarding the nature of the core. In particular, this 
scenario implies that the core is not a special region in the jet and favors the view of it as a surface 
at which the jet becomes optically thin following a continuous process, rather than a discontinuous 
one, for instance, a reconfinement shock. 

The pressure maximum associated with the ridge-line could couple to a growing instability, as 
indicated by the growth in amplitude of the helix with distance. It is difficult to discern between 
current-driven (CD) instability and KH instability modes, both being solutions to the linearized 
relativistic, magnetized flow equations and both being possible sources of helical patterns. Recent 



work on CD instability [ |15fl shows that a helical kink propagates with the jet flow if the velocity 
shear surface is outside the characteristic radius of the magnetic field. If the observed pattern 
corresponds to a CD kink instability, the observed transversal oscillation in the jet of 0836+710 
requires that the kink be moving with the flow and implies that the transversal velocity profile is 
broader than the magnetic field profile, i.e., the velocity shear surface lies outside the characteristic 
radius of the magnetic field. Thus, in this case the jet would have a magnetized spine surrounded 
by a particle dominated outer region. We would also like to point out that the development of the 
KH instability does not directly imply that the jet is particle dominated. It is however true that 
reasonable parameters for the jet result in KH growth rates in agreement with the observed growth 
in the amplitude of the helix. Further combined observational and theoretical studies like this one 
are required to try to get more information on the nature of the growing instability and on the 
properties of the jet flow. 
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